The signal recognition particle (SRP), a ubiquitous cytoplasmic ribonucleoprotein particle, plays an essential role in promoting co-translational translocation of proteins into the endoplasmic reticulum. Here, we summarise recent progress made in the understanding of two essential SRP functions: the signal recognition function, which ensures the specificity, and the elongation arrest function, which increases the efficiency of translocation. Our discussion is based on functional data as well as on atomic structure information, both of which also support the notion that SRP is a very ancient particle closely related to ribosomes. Based on the significant increase of knowledge that has been accumulating on the structure of elongation factors and on their interactions with the ribosome, we speculate about a possible mechanism of the elongation arrest function.
Introduction
A large variety of protein-RNA complexes, known as ribonucleoproteins, play fundamental roles in many biological processes. The ribosome is a classical example of a ribonucleoprotein particle (RNP), containing over 70 proteins along with several ribosomal RNAs. The spliceosome is an even more complex RNP in which several small nuclear RNPs (snRNPs) and proteins act together to bring about the maturation of pre-mRNA into mRNA. The assembly of individual (snRNPs) and their subsequent incorporation into a functional spliceosome still deserves a great deal of attention. A number of other small cytoplasmic or nucleolar RNPs also perform specific cellular functions.
One such cytoplasmic RNP is the signal recognition particle (SRP) which plays an essential role in protein secretion. Its specific function is to target ribosomes synthesising secretory or membrane proteins to the endoplasmic reticulum (ER) membrane to allow the nascent chains to be inserted into or transported across the membrane in a co-translational fashion (for reviews see Walter and Johnson, 1994; Lütcke, 1995; Bovia and Strub, 1996) . SRP first interacts directly with ribosomes to recognise nascent chains that bear signal sequences as they emerge from the ribosome (Figure 1 ). Binding of SRP to the signal sequence causes a delay in the elongation of the nascent chain (referred to as elongation arrest activity). The complex comprising the ribosome, the nascent chain and SRP is then targeted to the membrane via the interaction between SRP and the SRP receptor (SR) located in the ER membrane. The SRP/SR complex is released from the ribosome and the signal sequence, and co-translational translocation of the nascent chain proceeds at the ER membrane at its normal speed (for reviews on the translocation channel see Rapoport et al., 1996; Johnson, 1997 ). SRP and SRP receptor then dissociate from each other and are free to engage in another targeting round. The intricate process of co-translational targeting via the SRP pathway is regulated by the subtle collaboration of three distinct GTPases: the SRP54 subunit of SRP and the ␣ and ␤ subunits of SR. The concerted action of these GTPases results in docking of the nascent chain-ribosome complex to the translocation site (for review see Millman and Andrews, 1997; Ogg et al., 1998) .
Mammalian SRP consists of six polypeptides bound to one RNA molecule which is referred to as SRP RNA or 7SL RNA in mammalian species. The protein subunits are named according to the apparent molecular masses (in kDa) of the mammalian polypeptides: SRP9, SRP14, SRP19, SRP54, SRP68 and SRP72. In the particle, they are bound to 7SL RNA either as monomeric (SRP19 and SRP54) or as heterodimeric (SRP9/14 and SRP68/72) proteins ( Figure 1 ). Specific functions of SRP have been assigned to different domains of the particle. One domain (Sdomain), composed of SRP54, SRP19, SRP68/72 and the central part of SRP RNA, promotes signal recognition and targeting of the ribosome nascent chain complex to the membrane (for references see Lütcke, 1995) . The other domain, the Alu-domain, confers elongation arrest activity to the particle and is composed of the heterodimer SRP9/14 and the Alu sequences of 7SL RNA (Siegel and Walter, 1986; Thomas et al., 1997) . This function increases the efficiency of protein translocation in vitro (Thomas et al., 1997) , presumably by enlarging the time window during which the nascent chain can be targeted to the translocation site in a translocation-competent conformation.
The description of SRP functions are mostly derived from biochemical studies of mammalian SRP components. Now SRP and SR subunits have been identified in many organisms from all three kingdoms (for SRP database see Zwieb and Larsen, 1997) . The more recently discovered SRP pathway in Escherichia coli comprises Ffh, 4.5S RNA and FtsY, which are highly homologous to the mammalian SRP54, stem VIII of SRP RNA and the ␣-subunit of SR, respectively (Figure 1 ). The analysis of the bacterial components confirmed that their roles in the translocation of proteins into the plasma membrane of prokaryotes strongly resemble those of their mammalian counterparts (for review see De Gier et al., 1997) . So far, experimental evidence for the evolutionary conservation of the Alu-domain functions is still missing, mostly because SRP9 and SRP14 homologs have not yet been identified in organisms of different kingdoms. In addition, the eubacterial SRP RNAs known so far apparently lack the entire Alu domain except for SRP RNAs of Bacillus and Clostridium species. It is feasible that a delay in elongation is not required for efficient secretion in many bacteria, because translation and translocation occur in relative close proximity. In Bacillus species, the Alu-domain is important for sporulation (Nakamura et al., 1995) . However, SRP RNAs of the archeabacterial and the eukaryotic kingdoms comprise certain highly conserved structural features such as the nucleotides of a single-stranded region that binds SRP9/14 (Strub et al., 1991) . This suggests that functional homologs of the mammalian SRP9/14 heterodimer exist in these organisms most likely supporting the same function.
Here, we briefly review recent progress made in understanding the signal recognition and elongation arrest functions of SRP based on atomic structure information as well as on functional data and we speculate about a possible mechanism for the elongation arrest activity. The structural and functional data further support the notion that SRP is an evolutionary very ancient particle closely related to ribosomes.
A Large Hydrophobic Groove Lined with Methionine Side Chains May Constitute the Signal Sequence Binding Pocket
The signal sequences of nascent chains are bound by SRP54, a subunit of the S-domain of SRP. Free or assembled into SRP, SRP54 has the ability to bind specifically to signal sequences in the absence of cytosol (Hauser et al., 1995) . However, the mammalian and the bacterial SRP can only bind to signal sequences as long as the nascent chain is still bound to the ribosome (Garcia and Walter, 1988, Luirink et al., 1992) . Hence, whereas cytosolic factors are dispensable, the ribosome may play an important role in signal sequence binding. Several experiments in vitro and in vivo have shown that SRP has a preference for more hydrophobic signal sequences Belin et al., 1996) . In yeast and in bacteria, the hydrophobicity of the signal sequence is one, but not the only factor which determines whether a protein is translocated cotranslationally via the SRP or post-translationally via the hsp70/SEC pathway (Ng et al., 1996; Ulbrandt et al., 1997;  Matoba and Ogrydziak, 1998) . Signal sequences may not be as universal as previously thought, since signal sequences of several proteins of Leishmania and Trypanosoma brucei fail to direct import into mammalian microsomes (Al Qahtani et al., 1998) .
SRP54 and Ffh are composed of three domains termed N, G, and M domain (Figure 2 ). The crystal structure of the N/G domain of Ffh revealed that the G domain displays similarities to the Ras-related GTPases as well as features unique to SRP (Freymann et al., 1997) . The N-domain is a four-helix bundle closely associated with the G-domain. Structurally related N and G domains have also been reported for the bacterial SRP receptor FtsY (Montoya et al., 1997) . The M domain binds signal sequences as well as SRP RNA as indicated by cross-linking experiments (Römisch et al., 1990; Zopf et al., 1990) .
A central question is how SRP54 and Ffh specifically recognise signal sequences which share no primary sequence homology. The only common feature of signal sequences is a stretch of 10 -15 hydrophobic amino acids (von Heijne, 1995) . A model has initially been proposed in which the unusually abundant methionine residues in the C-terminal part of SRP54 would constitute a critical feature of the binding pocket. The binding of signal sequences of variable length and amino acid composition would be ensured by the flexibility of the methionine side chains (Bernstein et al., 1989) . The recently reported atomic structure of Ffh from the thermophilic organism T. aquaticus (Keenan et al., 1998) further corroborates the initial model. The M-domain is built up of four amphipathic helices organised around a small hydrophobic core, and a large hydrophobic groove is formed by three of the ␣-helices (␣M1, ␣M2, ␣M4) together with a flexible loop of 19 amino acid residues (finger loop) which links ␣M1 and ␣M2 (Figure 2 ). The size of this groove is large enough to provide a binding site for the hydrophobic core of the signal sequence. In a structure model of the E. coli Ffh Mdomain, the evolutionarily conserved methionine residues are lining the hydrophobic groove, strongly suggesting that they contribute to the ability of SRP54 to bind signal sequences. Interestingly, in the T. aquaticus Ffh many methionine are replaced by leucine or other hydrophobic amino acid residues. It is feasible that the side chains of these residues are also flexible at the elevated temperature at which this organism lives, thereby ensuring the plasticity of the binding pocket. This model quite attractively explains how signal sequences of different length and amino acid composition may be accommodated in the same hydrophobic groove. However, it does not yet provide a rational for the remarkable selectivity in signal recognition. Changing as little as one or two amino acid residues can dramatically change the efficiency of signal sequence binding by SRP54/Ffh Belin et al., 1996) , implying significant changes in the molecular interactions between the ligand and the hydrophobic groove. It is feasible that an induced structural adaptation of the flexible finger loop may be critical in determining selectivity (Keenan et al., 1998) .
There is also experimental evidence suggesting a role of the N-domain in signal sequence recognition. Mutations in the N-domain result in a loss of signal sequence recognition as indicated by a loss in elongation arrest activity of the particle . Furthermore, the N/G-domain of Ffh becomes highly sensitive to protease cleavage after addition of a signal sequence peptide (Zheng and Gierasch, 1997) , suggesting a direct contact between the two. An additional complexity is added to the topic by taking into consideration the as yet ill-defined role of ribosomes in signal sequence binding or recognition. Recently, a ribosomal component has been identified which stimulates GTP binding of SRP54 upon signal recognition (Bacher et al., 1996) , indicating a direct interaction between SRP54 and ribosomal components.
Clearly, more experiments are needed to fully understand the mechanism which allows diversity and selectivity in the recognition of signal sequences. The Ffh crystal structure now provides an additional tool to design experiments that validate or exclude the proposed models and that shed light on the molecular interactions which govern their specificity.
A HTH Motif Serves as an RNA-Binding Site in SRP54
As mentioned before, E. coli SRP appears to be composed of a small RNA, which is analogous to the highly conserved helix VIII of eukaryotic SRP RNA, and the Ffh protein (Figure 1 and 2). The M domain of Ffh binds to its RNA ligand by an induced fit mechanism, since conformational changes in the RNA and in the protein are observed upon complex formation (Lentzen et al., 1996; Zheng and Gierasch, 1997) . Eukaryotic SRP RNAs bind to SRP54 only once SRP19 is bound. Presumably, the more complex tertiary structure of the larger eukaryotic SRP RNA Keenan et al., 1998) . (C) Secondary structure of stem VIII of SRP RNA. Universally conserved nucleotides are shown in bold.
prevents the direct access of SRP54 to its binding site. Interestingly, this requirement remains the same even when the adjacent helix VI is removed, suggesting that helix VIII may be sequestered through contacts between the Aluand the S-domain of SRP RNA (Gowda et al., 1997, Figure 1) .
The crystal structure of the T. aquaticus Ffh revealed a HTH motif in the M-domain which is structurally related to the HTH motif (helix-turn-helix) previously described as a DNA recognition module. Such motifs are present in bacterial repressor and activator proteins as well as in eukaryotic transcription factors, most notably in the homeo domain of regulatory proteins in mouse and fruit fly (for review see Steitz, 1993 ). The HTH motif spans ␣M3 and ␣M4 (Figure 2) . A mutational analysis of Bacillus subtilis Ffh, localised the RNA-binding determinants within a region that equals ␣M2 to ␣M4 in T. aquaticus (Kurita et al., 1996) . Thus, the RNA recognition function is superimposed to the HTH fold in Ffh, demonstrating that the HTH fold can play a role in both RNA and DNA recognition.
The question is, do these structurally similar folds use the same strategy to bind their target sequences? In the case of DNA, the tertiary structure is generally limited to variations around the B-type helical form which easily accommodates the recognition helix of the HTH motif in the major groove. In the case of RNA, the tertiary fold is rather complex and ␣-helices cannot enter the major and the minor grooves of duplex RNA. Most of the RNA specificity determinants are located in loop or bulge regions which have the capacity to distort the A-type helix thereby opening up the major groove to allow insertion of an ␣-helix such as in the HIV/Rev-RNA complex (Battiste et al., 1996; Ye et al., 1996) . The helix VIII-determinants in SRP RNA involved in binding to SRP54/Ffh have been mapped to two internal loops (Samuelsson, 1992; Wood et al., 1992; Lentzen et al., 1996, Figure 2 ). An initial structural analysis of helix VIII by NMR (Schmitz et al., 1996) reveals a distortion of an A-type helical form in the symmetric bulge region compatible with the insertion of an ␣-helix within this region. Whereas the second helix is the classical recognition helix in DNA-binding proteins, it is the first ␣-helix in the HTH motif of Ffh which harbours the major RNA-binding determinants. Notably, the selectivity of DNA recognition by bacterial repressors and activators that act as dimers is not provided by the recognition helix but is dependent on the capacity of the DNA to undergo conformational changes induced by protein binding. The extended complementary surface between the protein and the DNA created by adaptive binding includes regions outside the recognition helix (for review see Harrison and Aggarwal, 1990) . Similarly, both functional and structural studies indicate that a larger region including all three helices and the C-terminal extension of Ffh contribute to RNA-binding in Ffh. In addition and as mentioned earlier, structural changes occur in the RNA and the protein upon complex formation.
In summary, it is likely, based on our current knowledge, that proteins with HTH folds bind in a very similar way to their RNA and DNA substrates. An initial contact between the nucleic acid and the protein is established via the insertion of one of the ␣-helices into a major groove (of a distorted A-type helix in case of the RNA) followed by an induced structural adaptation of both the protein and the RNA, which determines the high specificity in complex formation.
The Architecture of the Alu Domain
SRP9 and SRP14 bind as a heterodimer specifically to the Alu portion of SRP RNA, which consists of two short hairpins (helices III and IV) joined by a highly conserved singlestranded region on one side and flanked by the central stem on the other side (Figure 3 ; Strub and Walter, 1990; Strub et al., 1991 and references therein). The portion of Alu RNA comprising the regions that become inaccessible to chemical modification in the complex together with the 3Ј complementary strand in the central stem are sufficient (Zwieb et al., 1996) . The black regions represent the bold letters in the secondary structure. (C) Structure of SRP⌽14-9. The fusion protein SRP⌽14-9 can functionally replace the heterodimer SRP9/14 (Bovia, et al. 1996) .
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for high-affinity binding of the heterodimeric protein (Weichenrieder et al., 1997 , RNA shown in Figure 3 ). Comparative sequence analysis suggested anti-parallel base pairing between loop III and IV resulting in the formation of a pseudoknot which, by folding back onto the central stem, brings the regions in SRP RNA that are likely to be in contact with the protein in close proximity (Zwieb et al., 1996, see Figure 3 and 5).
The crystal structure of the proteins revealed that they belong to the family of small ␣/␤ RNA binding proteins and that, despite the absence of noticeable primary sequence homology, they have an almost identical ␣-␤-␤-␤-␣ fold (Birse et al., 1997) . Together, they form a six-stranded antiparallel ␤-sheet stacked against four ␣-helices with a pseudo two-fold symmetry (Figure 3 and 4) . Other proteins with ␣/␤ RNA-binding motifs include ribosomal proteins, proteins with the RNP or the double-stranded (dsRBD) RNA-binding domain, as well as the bacteriophage protein MS2 (for reviews see Draper, 1995; Ramakrishnan and White, 1998; Varani and Nagai, 1998) . The topology of the SRP9/14 heterodimer is most closely related but not identical to that of dsRBD.
The ␤-sheet of SRP9/14 is curved to fit duplex RNA and has a large number of conserved basic and aromatic side chains protruding from the surface. In analogy to the U1A snRNP and the MS2 proteins (Oubridge et al., 1994; Valegard et al., 1994) , these findings suggested that the ␤-sheet surface may be involved in contacting RNA (Birse et al., 1997) . The biochemical analysis of mutated SRP14 and SRP9 proteins identified two regions that are critical for RNA-binding. They include ␣1 and the adjacent turn in SRP9 and the first half of the internal loop region between ␤2 and ␤3 in SRP14 Figure 3 ). In the heterodimer, the two regions are in close proximity forming together another RNA-binding domain. The critical loop region in SRP14 is flexible in the protein and is likely to become structured in the protein-RNA complex as has been observed for the U1A and the ribosomal L11 proteins (for references see Hinck et al., 1997; Varani and Nagai, 1998 ).
The functional and structural studies together indicated that the protein may contact RNA on two faces. The ␤-sheet would provide a binding surface for the doublestranded stem region. The SRP14 loop region and ␣1 and the adjacent loop of SRP9 would contact regions in the pseudoknot structure. Figure 5 illustrates, without considering conformational changes in both the protein and the RNA upon complex formation, how the protein can be positioned onto the helical region of SRP RNA. In this model, the loop region in SRP14 fits into the pocket formed by the pseudoknot structure and the central stem, and is in close contact with the evolutionarily conserved single-stranded UGUAA motif. This is in agreement with the finding that in S. cerevisiae, SRP14 binds as a homodimer to the RNA thereby protecting the highly conserved UGUAA motif (N. B., M. Fornallaz and K.S., unpublished results, the conserved motif is shown in Figure 3) .
The results of several experiments corroborate the existence of a pseudoknot in the Alu-domain and suggest that it might be induced or stabilised by binding of SRP-9/14. Chemical modification experiments demonstrated that G13 and G14 remain accessible to hydroxyl radical cleavage in the protein-RNA complex, whereas the same nucleotides can only be methylated in free RNA (Strub et al., 1991; Andreazzoli and Gerbi, 1991) . These results would be expected for nucleotides that become base paired in the RNA-protein complex without being directly contacted by the protein. The analysis of single and complementary base mutations in the two loop regions further confirmed that high-affinity binding of SRP9/14 is dependent on the possibility of base pairing between the loops (L. Huck, Y. Thomas and K.S., unpublished results). In addition, high-affinity binding of SRP9/14 requires a flexible hinge between the 3Ј and the 5Ј extremities (Weichenrieder et al., 1997) consistent with the model in which pseudoknot formation is coupled to its movement towards the central stem. Fluorescence changes in labelled RNA upon SRP9/14 binding also indicated conformational changes in the RNA (Janiak et al., 1992) .
Adaptive changes in the protein subunit were revealed by the functional analysis of truncated and mutated SRP14 and SRP9 proteins . Mutations in ␣1 of SRP14, which is not part of the dimer interface, resulted in a defect in dimerisation which could be overcome by the addition of Alu RNA. These results are consistent with an active role of the RNA in facilitating complex formation through conformational changes in the protein.
The most puzzling and as yet unexplained result was revealed by the analysis of C-terminally truncated SRP9 and SRP14 proteins. In the crystal structure, the ␣2-helices of both proteins make direct contacts and therefore constitute part of the dimer interface; yet truncation of the C-terminal ␣2-helix of SRP9 did not change its dimerisation or RNA binding activities. In contrast, the same truncation in SRP14 resulted in a complete loss of both functions demonstrating that the ␣2-helix of SRP14 has a different function in the stability of the protein and in RNA binding than the analogous helix in SRP9. A role in RNA binding of the C-terminal part of SRP14 is also suggested by the analysis of another truncated protein. Removal of amino The alignment corresponds to residues 75 -110 in the murine protein which comprises 110 amino acid residues. Removal of 10 amino acid residues at its C-terminus does not abolish elongation arrest activity of SRP. In contrast, removal of 20 amino acid residues results in the complete and exclusive loss of elongation arrest activity of the particle as discussed in the text. Identical amino acid residue are indicated in black, amino acid residues with similar physico-chemical properties are shown in grey. Accession numbers: Arabidopsis thaliana Y10116, Oryza sativa Y10118, Mus musculus M29264, Homo sapiens X73459, Saccharomyces cerevisiae L35155. acids 90 -110 in SRP14 of which G93 and K95 make contact with SRP9 in the heterodimer (Birse et al., 1997) decreased not only the stability of the heterodimer as expected, but also resulted in a 10 fold reduced stability of the RNA-protein complex (Thomas et al., 1997) . Using hydroxyl radicals as a tertiary structure probe, conformation- Two different orientations (A) and (B) are given, which are perpendicular to each other. This model is based on the experimental findings described in the text. In this model, the pseudoknot structure is stabilised when the protein is bound. The experimentally derived 3D coordinates of SRP9/14 were taken from Birse et al. (1997) . A model of the RNA pseudoknot is provided by Zwieb et al., 1996 (http://pegasus.uthct.edu/SRPDB/SRPDB). This model was kindly provided by Dr. Claus-Wilhelm von der Lieth, DKFZ-German Cancer Research Centre, Heidelberg. al changes in the RNA were observed when complexes with truncated proteins were compared to those with wildtype protein. These findings together with the high conservation of certain basic and aromatic amino acid residues within the ␣2-helix of SRP14 and its C-terminal extension (Figure 4) suggest direct contacts between the RNA and this region. It has recently been observed that reorientation of an ␣-helix in the U1A protein is induced upon binding to its mRNA. Thus, it would be feasible, however at this point rather speculative, that ␣2 and its C-terminal extension in SRP14 might re-orient in the complex to form contact with the RNA.
In summary, the complex formation between SRP9/14 results in adaptive changes in the RNA and the protein moieties which are essential for its function, as will be discussed below. The protein subunit is relatively small as compared to the RNA (Figure 5) , leaving large portions of the latter exposed to be seen by relevant cellular factors such as the ribosome. The putative pseudoknot structure of the Alu-domain results from anti-parallel base pairing as opposed to parallel base pairing in tRNA. Yet, it is feasible that the Alu-domain pseudoknot shares sufficient structural similarity with the one of tRNA to be recognised by the translational machinery.
Specific Contacts between the Alu-Domain and the Ribosome Effect Elongation Arrest: A Possible Role of the Pseudoknot Structure
The Alu-domain of SRP has early on been suggested to play an important role in the elongation arrest function, based on the observations that partial SRP particles that lack the heterodimer SRP(-9/14) and sub-particle SRP(S) that lacks the entire Alu-domain have both lost the elongation arrest activity Walter, 1985, 1986) . Later, these same particles have also been found to be defective in binding directly, independent of signal sequences, to ribosomes (Hauser et al., 1995; Powers and Walter, 1996) . This suggested that these particles have a more general defect in the way they interact with the ribosome. More evidence supporting a direct role of the Alu domain in conferring elongation arrest activity to the particle has now been provided by the functional analysis of a particle which is exclusively deficient in elongation arrest activity. Its signal recognition and targeting as well as its direct ribosome binding functions are the same as for unaltered SRP (Thomas et al., 1997) . The modification in SRP which resulted in this very specific phenotype was the removal of the 20 amino acids in the C-terminal portion of SRP14 (see Figure 4) . Two conclusions could be drawn from the analysis of this particle: first, elongation arrest activity involves a specific direct interaction between the Alu-domain and the ribosome and second, this interaction is distinguishable from the one(s) implied in direct, nascent chain-independent binding of SRP to ribosomes. The latter result is consistent with the notion that several components of SRP are expected to interact with the ribosome, e.g. SRP54 as discussed in a previous section (Bacher et al., 1996) . A direct interaction between the ribosome and the Alu-domain has recently also been confirmed by crosslinking experiments (M. Pool, B. Dobberstein, L. Terzi and K. Strub, unpublished results) .
What is the specific interaction between the Alu-domain and the ribosome that effects a pause in elongation? As mentioned in the previous section, conformational changes in the RNA were observed when comparing complexes comprising the truncated or the wild-type SRP14 proteins. In particular, certain nucleotides located in the putative pseudoknot became highly sensitive to chemical modification in the altered complex (Thomas et al., 1997) . The correlation of the observed changes in the RNA with the loss of elongation arrest activity is consistent with the proposal that (i) the RNA, in particular the pseudoknot, may play a critical role in contacting the ribosome and (ii) the conformational adaptation of the RNA induced by protein binding is required for this interaction. Studies with antibiotics that block translation at specific steps have provided important insights into when SRP can be accommodated into the highly ordered translational machinery. SRP was found to interact productively with ribosomes after the transpeptidylation reaction and before translocation of the peptidyl-tRNA from the A to the P site (Brown, 1989; Ogg and Walter, 1995) . Translocation is accomplished by eEF-2 in a GTP-dependent reaction. It has recently been demonstrated for EF-G, the prokaryotic homolog of eEF-2, that GTP hydrolysis occurs before translocation, suggesting that a conformational transition in EF-G is coupled to translocation . EF-G appears to be located between the two subunits with its G-domain in close proximity to the ␣-sarcin loop (Agrawal et al., 1998; Wilson and Noller, 1998a) which is a strong candidate to serve as a GTPase activator (for review see Wool et al., 1992; Wilson and Noller, 1998b) .
Since SRP appears to act on the ribosome before translocation occurs, it is feasible that it interferes with GTP hydrolysis of eEF-2 or with the release of the elongation factor after GTP hydrolysis to slow down elongation of the nascent chain. Possibly, the Alu-domain of SRP may enter the cleft between the 'head' and 'platform' region while the S-domain may span the cleft and protrude toward the nascent chain to bind signal sequences. Binding of SRP54 to the signal sequence may induce conformational changes in SRP leading to a tighter association of SRP to the ribosome allowing the functional interaction of the Alu-domain. The elongation factor EF-G and the EF-TU ternary complex were found to share extended structural similarity (AEvarsson et al., 1994; Czworkowski et al., 1994; Nissen et al., 1995) , and certain domains of the elongation factors such as the GTP-binding domains and the domain IV/anti-codon stem appear to be positioned similarly in the ribose (Stark et al., 1997; Agrawal et al., 1998; Wilson and Noller, 1998a) . However, the structural equivalent of the pseudoknot in the tRNA of the ternary complex is absent in the elongation factor EF-G. Hence, at the time when SRP appears to interact with the ribosome a putative recognition site for the tRNA pseudoknot is likely to be accessible. Binding of the Alu-domain pseudoknot to this region in the ribosome might interrupt or slow down the elongation cycle by interfering with EF-G activities as mentioned above. According to this model elongation resumes whenever SRP dissociates from the ribosomenascent chain complex either during targeting or upon interaction with SR in the membrane.
This model is consistent with current data but rather speculative. However, it makes clear predictions which can be tested. Certainly, identification of the cross-linked products comprising SRP14, alluded to before, is one of them.
SRP Proteins: Members of Ancient Nucleic Acid-Binding Folds
The related folds observed between SRP proteins and some ribosomal proteins raise interesting evolutionary questions. The M-domain of SRP54/Ffh contains an HTH motif involved in RNA-binding partially superimposed or adjacent to a putative signal peptide recognition groove. HTH motifs have also been identified in the ribosomal proteins L11 and S15 and, because both proteins interact directly with rRNA, the HTH motif was proposed to provide the RNA binding surface for rRNA (Berglund et al., 1997; Xing et al., 1997) . So far, purely helical motifs appear to be in a minority among RNA-binding modules. SRP54/Ffh, L11 and S15 ribosomal proteins appear now to define a novel class of helical RNA-binding proteins with a common fold. The conservation of S15, L11 and SRP54 and their RNA ligands among all three phylogenetic kingdoms demonstrates that both the ribosome and SRP, existed before the kingdoms diverged (Wool et al., 1995; Zwieb and Larsen, 1997 and references therein) . Their old evolutionary age and the importance of their functional conservation is further strengthened by the comparable and very high primary sequence conservation between the homologous proteins of the three kingdoms. L11 and S15 of Halobacterium marismortui are 39 and 47% identical to their mammalian homologs, respectively. Ffh of Sulfolobus acidocaldarius is 40% identical to the mammalian SRP54. All three E. coli proteins are 30% identical to their mammalian counterparts. In addition to the bifunctional M-domain, SRP54/Ffh comprises also another domain with a GTP binding and hydrolysis function, indicating that its HTH fold was recruited from a more ancient protein which might have been a common ancestor for SRP54 and the ribosomal proteins.
SRP9 and SRP14 are structurally homologous, one-domain proteins and together they form a unique RNA-binding unit. The remarkable structural similarity between them suggests that they might have evolved from a single protein by a gene duplication event. Consistent with this proposal are the findings that both proteins can form homodimers and that the S. cerevisiae SRP14 protein binds as a homodimer to its cognate SRP RNA (scR1 RNA, N.B., M. Fornallaz and K.S., unpublished results). This result together with the failure to identify any SRP9 homolog in yeast suggest that the homodimer may supply the heterodimeric function in this organism. S. cerevisiae SRP14 is more distantly related to the mammalian SRP14 than the two plant proteins (A. thaliana and O. oryza). Their identities are 30, 40 and 50 %, respectively. This rather unusual observation is consistent with the interpretation that S. cerevisiae lost the SRP9 gene leading to a higher mutational rate in SRP14 to compensate for SRP9 functions.
The family of ␣/␤ RNA-binding proteins, to which SRP9 and SRP14 belong to, comprises also proteins with the RNP and the dsRBD folds. Proteins with the RNP fold are very frequent among ribosomal proteins as well as among proteins involved in RNA processing, transport and metabolism, and the best-studied example is the U1A protein (for review see Varani and Nagai, 1998) . However, the SRP9 and SRP14 fold is more closely related to the dsRBD binding module which has the same connectivity of ␣-helices and ␤-strands (Kharrat et al., 1995) . Proteins containing this motif include the ribosomal protein S5 (Ramakrishnan and White, 1998), the Drosophila protein staufen (Bycroft et al., 1995) , the protein kinase PKR (Nigel et al., 1995) and the bacterial RNA processing nuclease RNase III (Kharrat et al., 1995) . Their relatedness might indicate a common evolutionary origin of the two RNA-binding motifs. Many of the dsRBD proteins contain several copies of the motif. How these motifs interact to bind RNA is presently unknown, possibly the role of these multiple RNA-binding sites is to anchor and to bend distant RNA elements. In SRP, the heterodimer SRP9/14 can be replaced by a fusion protein which comprises SRP9 and SRP14 in one single polypeptide chain without a loss in elongation arrest activity of the particle (Bovia et al., 1994) . However, in vivo the two proteins exist as two separate entities, suggesting that the formation of homodimeric complexes might be important for their function in vivo.
As mentioned in the introduction, SRP9 and SRP14 proteins have so far not yet been identified in the archeabacterial and bacterial kingdoms. It is therefore too early to speculate whether in a primitive SRP the protein was present as a homodimer or a heterodimer. However, the conservation of the structure in the Alu-domain of SRP RNA in all three kingdoms suggests that Alu-binding proteins might also have been part of a primitive SRP.
Modelling of the SRP9/14-RNA Complex
Modelling details: the H-atoms were added to both molecules using the automatic assignment procedure of INSIGHTII (MSI/Biosym, 9685 Scranton Road, San Diego, CA 92121-3172, USA). In a subsequent step, the atom type of each atom was assigned according the CFF91 force field and partial charges were estimated using the corresponding modules of INSIGHTII. The loop of SRP14, which is not present in the X-ray data, was constructed by model building by hand, followed by a minimi-sation and a short molecular dynamics simulation to relax the newly constructed loop. The program DISCOVER and the CFF91 force field (MSI/Biosym) was applied. All atoms contained in the X-ray data were kept fixed during the optimisation process. Initial models of the complex were derived positioning the protein manually according the following guidelines: (i) The ␤ sheet part of SRP9/SRP14 should interact with the central stem of the RNA; (ii) the loop of SRP14 should fill the cavity next to, or below the conserved bulge region of the Alu RNA. The manually constructed models were energetically minimised followed by a short molecular dynamics simulations. During this optimisation procedure all atoms of the RNA were tethered using a large force constant and the conformation of the protein backbone was forced not to change.
